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The interactions of crops with root-colonizing endophytic mi-
croorganisms are highly relevant to agriculture, because en-
dophytes can modify plant resistance to pests and increase crop
yields. We investigated the interactions between the host plant
Zea mays and the endophytic fungus Trichoderma virens at
5 days postinoculation grown in a hydroponic system. Wild-
type T. virens and two knockout mutants, with deletion of the
genes tv2og1 or vir4 involved in specialized metabolism, were
analyzed. Root colonization by the fungal mutants was lower
than that by the wild type. All fungal genotypes suppressed root
biomass. Metabolic fingerprinting of roots, mycelia, and fungal
culture supernatants was performed using ultrahigh perfor-
mance liquid chromatography coupled to diode array detection
and quadrupole time-of-flight tandem mass spectrometry. The
metabolic composition of T. virens-colonized roots differed
profoundly from that of noncolonized roots, with the effects
depending on the fungal genotype. In particular, the concen-
trations of several metabolites derived from the shikimate
pathway, including an amino acid and several flavonoids, were
modulated. The expression levels of some genes coding for
enzymes involved in these pathways were affected if roots were
colonized by the Dvir4 genotype of T. virens. Furthermore,
mycelia and fungal culture supernatants of the different
T. virens genotypes showed distinct metabolomes. Our study
highlights the fact that colonization by endophytic T. virens
leads to far-reaching metabolic changes, partly related to
two fungal genes. Both metabolites produced by the fungus
and plant metabolites modulated by the interaction proba-
bly contribute to these metabolic patterns. The metabolic
changes in plant tissues may be interlinked with systemic
endophyte effects often observed in later plant developmental
stages.
Keywords: benzoxazinoids, endophytes, flavonoids, fungus–plant
interactions, genomics, metabolomics, plant antifungal responses,
plant–fungus symbiosis, plant–microbe interaction, roots, spe-
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The growth, development, and health of plants are influenced
by complex microbial communities living on and in the plants
(Simon et al. 2019). In particular, the rhizosphere—the close
zone between roots and soil—harbors a vast array of microor-
ganisms. Communication between these microorganisms and
roots is mediated by various metabolites (i.e., low molecular
mass compounds) and proteins (Mhlongo et al. 2018; Morath
et al. 2012). The ascomycetous fungi of the genus Trichoderma
display an outstanding range of lifestyles, including free-living
species in the rhizosphere as well as species that colonize plant
roots (Brotman et al. 2013). The resulting endophyte–plant
interactions are often beneficial for plants, because Tricho-
derma spp. can promote plant growth (Guzmán-Guzmán et al.
2019) and control plant pathogens through the production of
toxins, hydrolytic enzymes, and volatile organic compounds
(Cruz-Magalhães et al. 2019; Zeilinger et al. 2016). Therefore,
they are frequently used as biofertilizers and for the biological
control of soilborne fungal pathogens in the cultivation of crops
such as maize (family Poaceae) (Druzhinina et al. 2011;
Guzmán-Guzmán et al. 2019). However, despite widespread
application and considerable research on Trichoderma–plant
relationships, we lack a deeper understanding of the processes
that regulate these symbioses.
Several “omics” technologies have been applied to study
Trichoderma–plant interactions. Transcriptome analyses revealed
that the gene expression of both the plant and its symbiont are
differentially regulated upon root colonization (De Palma et al.
2019; Morán-Diez et al. 2015; Wang et al. 2020). Likewise,
plant and fungal proteins are modulated during the establish-
ment of the interaction (Lamdan et al. 2015; Marra et al. 2006;
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Nogueira-Lopez et al. 2018). Often, the metabolome offers
the most functional information (Fiehn et al. 2000). Metab-
olomics is increasingly being applied to characterize plant
responses to environmental changes and to unravel underlying
mechanisms. Indeed, metabolomics approaches are very
useful to investigate plant metabolic responses to abiotic
stresses and to uncover metabolic changes when plants in-
teract with other plants, herbivores, or microbes (Peters et al.
2018; Schweiger et al. 2014b; Vaughan et al. 2018). Whereas
shifts in plant metabolomes triggered by plant antagonists are
well described, the use of metabolomics to unravel plant–
mutualist interactions has just started to emerge. For instance,
beneficial endophytic N2-fixing bacteria were shown to affect
the root metabolome of their host (Agtuca et al. 2020).
Likewise, metabolomics approaches revealed pronounced
modulations of primary and specialized metabolites in local
(root) and systemic (leaf) tissues in response to root coloni-
zation with arbuscular mycorrhizal fungi (AMF) (Andrade
et al. 2013; Schweiger and Müller 2015). Root colonization
with Trichoderma spp. affects the concentrations of soluble
sugars, amino acids, phenolic compounds, citrate cycle in-
termediates, and polyamines in leaves of different plant spe-
cies (Brotman et al. 2012; Vinci et al. 2018; Yedidia et al.
2003). However, little is known about intra- and extracellular
metabolic patterns of the fungi and metabolic responses in
plant seedlings to the plant–fungus interaction.
Trichoderma spp. also induce systemic resistance in tissues
far from the colonization site (Shoresh et al. 2010). For example,
tomato (family Solanaceae) inoculated with Trichoderma har-
zianum T22 accumulated isoprenoids in leaves and showed an
increased resistance against aphids (Coppola et al. 2019). Simi-
larly, T. velutinum altered the concentrations of several primary
and specialized metabolites in leaves of bean (family Fabaceae)
(Mayo-Prieto et al. 2019). T. harzianum T‐78 is also known to
induce tomato resistance to the root knot nematodeMeloidogyne
incognita by shifting from salicylic acid- to jasmonic acid-based
defenses (Mart́ınez-Medina et al. 2017). However, the specific
metabolic processes activated in maize roots during
Trichoderma–plant interactions are mostly unexplored.
The use of Trichoderma mutants with deletions in genes
associated with the symbiosis may deepen our understanding of
plant–Trichoderma interactions. Transcriptome analysis of the
T. virens–maize interaction revealed the upregulation of co-
expressed genes of diverse Trichoderma gene clusters for
biosynthesis of specialized metabolites (Lawry 2016)
(Supplementary Fig. S1). For example, tv2og1 (within cluster 1)
encodes a putative protein with a 2-oxoglutarate (2OG)-Fe(II)-
dependent dioxygenase domain. Gene vir4 (within cluster 2,
called the vir4 cluster) encodes one of the diverse putative ter-
pene synthases described for Trichoderma spp. (Vicente et al.
2020). The knockout of tv2og1 diminishes the ability of T. virens
to colonize maize roots and has an impact on fungal iron regu-
lation (G. Nogueira-López, M. Rostás, J. M. Steyaert, J.
Hampton, and A. Mendoza-Mendoza, unpublished), while the
knockout of vir4 inhibits the biosynthesis of many terpenes in
T. virens (Crutcher et al. 2013). Thus, Dtv2og1 and Dvir4
knockout mutants are particularly useful to test how the corre-
sponding genes may affect fungal and plant metabolism.
In this study, metabolomics and gene expression analyses
were applied to investigate changes occurring in the maize–
T. virens interaction at an early developmental stage, focusing
on specialized metabolism. Three T. virens genotypes—namely,
the wild type (WT) and two knockout mutants, Dtv2og1 and
Dvir4—were used to elucidate (i) the specificity of metabolic
responses occurring in colonized roots and (ii) how the presence
or absence of the genes (tv2og1 or vir4) modifies the intracellular
and extracellular (secreted) metabolome of T. virens. In addition
to metabolic fingerprints, several amino acids, flavonoids, and
benzoxazinoids were targeted. The latter are characteristic special-
ized metabolites of maize (Zhou et al. 2018).We show that T. virens
profoundly modulates the maize root metabolome. These changes
depend on the genotype of the fungus. Likewise, fungal metab-
olomes differed between the genotypes, indicating that both plant
and fungal metabolites play essential roles during the symbiosis.
RESULTS
Colonization of maize roots by T. virens.
Surface-sterilized maize seeds were left untreated (control) or
were inoculated with fungal conidia of different genotypes (WT,
Dtv2og1, or Dvir4) of the T. virens strain Gv29.8. Seeds were
germinated for 2.5 days, seedlings were grown in hydroponics for
another 2.5 days, and roots were then harvested (i.e., 5 days post-
inoculation [dpi]). Fungal root colonization (endophytic and rhi-
zoplane colonization) was quantified by quantitative PCR (qPCR)
using the genes encoding actin and phenylalanine ammonia lyase
(PAL) as fungal and maize reference genes, respectively. The ratio
of actin/PAL (T. virens/Z. mays) was determined in the primary
root pieces. The genotypes Dtv2og1 and Dvir4 colonized the
maize roots significantly less than the WT did (Fig. 1A).
The ability of the T. virens genotypes to endophytically
colonize the maize roots was also tested by using surface-
sterilized roots, which were sectioned and plated on Tricho-
derma-selective medium. All T. virens genotypes colonized the
maize roots (Fig. 1B). Avisual inspection of the plants revealed
that maize growth was negatively affected by the presence of
each of the three T. virens genotypes when compared with the
untreated control plants (Fig. 1C).
The T. virens–maize root metabolome depends
on the fungal genotype.
To study metabolites modulated by the Trichoderma–maize
interaction, polar (90% methanol) extracts of roots of untreated
plants or roots colonized with one of the T. virens genotypes
(WT, Dtv2og1, or Dvir4) were subjected to untargeted
metabolic fingerprinting. This was done using ultra-high
performance liquid chromatography coupled to diode array
detection and quadrupole time-of-flight tandem mass spec-
trometry in negative electrospray ionization mode (UHPLC-
DAD-ESI
_
-QTOF-MS/MS). Data are presented as metabolic
“features”, with each feature being characterized by its re-
tention time and the mass-to-charge ratio (m/z) of the most
intense ion found in the corresponding cluster of features be-
longing to the same metabolite. The raw data and feature tables
will be made available shortly after publication of the study in
the MetaboLights repository (Haug et al. 2013 [accession
number MTBLS1964]). In total, 512 metabolic features were
reliably found (i.e., present in many replicates and distinct from
the blanks) in maize roots. These included 256 features present
in the control plants and 377, 379, and 345 features in plants
colonized with the T. virens genotypes WT, Dtv2og1, and Dvir4,
respectively. In a principal component (PC) analysis (PCA), the
first two axes explained about 34% of the total variance in the
data (Fig. 2A). Along the first PC (PC 1), the metabolomes of
control roots and T. virens-colonized roots were well separated,
whereas the metabolomes of roots colonized by the different
T. virens genotypes were separated along PC 2 (Fig. 2A).
To trace effects of T. virens colonization on individual met-
abolic features, two thresholds to define features as being
modulated by the interaction compared with untreated plants
were implemented. These were a significant difference between
treatment and control (P < 0.05) according to Mann-Whitney U
tests and a mean fold change of <0.5 or >2 for decreased and
increased features, respectively. According to these thresholds,
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67 and 273 features were decreased and increased in pool size,
respectively, by the colonization of at least one of the T. virens
genotypes. Colonization by the three genotypes of T. virens
induced similar responsiveness (i.e., percentage of modulated
compared with all features), regarding decreased metabolic
features (Fig. 2B). However, about three to four times more
features were increased than decreased by the colonization with
T. virens. The highest number of increased features was found
in plants colonized with the WT genotype (Fig. 2B). Several
features were commonly decreased (30 features) but more than
three times more features were commonly increased (94 fea-
tures) due to colonization with all three T. virens genotypes.
These commonly increased features represent a general re-
sponse in the T. virens–maize interaction (Fig. 2C). In addition,
specific responses to colonization by each T. virens genotype
were detected (Fig. 2C). Taken together, metabolic finger-
printing revealed that the three T. virens genotypes profoundly
modulated the metabolome of colonized maize roots in a
genotype-specific manner.
The T. virens genotypes differ in their metabolomes.
After growing in a liquid medium, the dry mycelia biomass
of the three fungal genotypes did not differ significantly (n = 9
replicates used for metabolic fingerprinting included; analysis
of variance [ANOVA], F2,24 = 1.32, P = 0.286). To study
whether fungal metabolomes are genotype-specific, metabolic
fingerprinting of polar extracts of mycelia (intracellular fungal
metabolome) and fungal culture supernatants (extracellular
fungal metabolome) was performed as described above for
roots. Across all three genotypes, 551 metabolic features were
found in the mycelia, while 2,380 occurred in fungal culture
supernatants. In the PCA of the mycelia data, the first two
PCs explained about 39% of the variance in the data and
the metabolomes of the three fungal genotypes were sepa-
rated along PC 1 with a slight overlap between the mycelial
metabolomes of WT and Dvir4 (Fig. 3A, left). For the fungal
culture supernatants, the first two axes of the PCA explained
about 53% of the variance and the three genotypes were
separated with a slight overlap of a few samples (Fig. 3A,
right).
To further trace metabolic differences between the fungal
genotypes, concentrations of metabolic features in Dtv2og1 and
Dvir4 were compared with those in the WT (Fig. 3B). Many
features were more abundant in the Dtv2og1 compared with the
WT mycelia samples, whereas fewer features differed between
the Dvir4 and theWT genotype (Fig. 3B, left). In contrast, for the
extracellular metabolome (fungal culture supernatants), both
mutants showed various features with decreased concentrations
compared with the WT (Fig. 3B, right). In the mycelial metab-
olomes, the three genotypes shared 201 metabolic features (36%
of all detected features), while only 77 features (3%) were
common in the fungal culture supernatants of the genotypes (Fig.
3C). Overall, metabolic fingerprinting of the three T. virens ge-
notypes revealed pronounced differences in the metabolic com-
position of the mycelia and fungal culture supernatants. Indeed,
large parts of both the intracellular and particularly the extra-
cellular metabolome were genotype-specific.
Specific metabolic changes
in the T. virens–maize interaction.
Several primary and specialized metabolites were putatively
identified as aromatic amino acids (L-phenylalanine [L-PHE] and
L-tryptophan [L-TRP]), benzoxazinoids (2-b-D-glucopyranosyloxy-









[HDM2BOA-glucoside]), and flavonoids (naringenin, apigenin,
tricin, and a dihydroxy-monomethoxy-flavone) (Table 1). The
amino acids occurred in control and T. virens-colonized maize
roots as well as in mycelia of all T. virens genotypes (Fig. 4).
Whereas the concentration of L-TRP did not differ among
treatment groups, the concentration of L-PHE was significantly
higher in the control roots than in T. virens-colonized roots.
No significant differences in the concentrations of L-TRP and
Fig. 1. Root colonization and appearance of maize seedlings grown in hydroponics after seed inoculation with different genotypes of Trichoderma virens (wild
type [WT], Dtv2og1, or Dvir4). A, Colonization of roots by T. virens, measured as the ratio of fungal actin to maize phenylalanine ammonia lyase (PAL) in
genomic DNA of primary root sections. Data represent means ± standard deviations of n = 3 biological replicates consisting each of four root samples from
different plants. Different letters indicate significant differences between groups (analysis of variance with Bonferroni’s post hoc test) at P < 0.05. B,
Endophytic colonization by T. virens. Surface-sterilized primary root sections were placed on Trichoderma-selective medium for 7 days to observe fungal
growth from these sections. Each row represents the five sections taken from one seedling. Root sections of the five replicates that are shown are representative
for two independent experiments with n = 9 biological replicates each. C, Untreated (control) plants and plants colonized by T. virens genotypes 5 days
postinoculation.
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L-PHE in fungal mycelia were found among T. virens geno-
types (Fig. 4A). The benzoxazinoids were detected in both the
control and T. virens-colonized roots but not in mycelia or
fungal culture supernatants. DIBOA-glucoside was less abun-
dant in roots colonized by T. virens, with the Dvir4-colonized
roots having significantly lower concentrations than control
roots. The concentration of MBOA was significantly lower in
roots colonized by the Dvir4 genotype compared with roots
colonized by Dtv2og1. HDM2BOA-glucoside had significantly
higher concentrations in roots colonized with the fungal WT
than in control roots. No significant differences in the con-
centrations of HMBOA-glucoside, DIMBOA-glucoside, DIM-
BOA, and HDMBOA-glucoside were found between colonized
and control roots (Fig. 4B).
Fig. 2. Metabolic patterns of maize roots colonized with genotypes of Trichoderma virens (wild type [WT], Dtv2og1, or Dvir4) and untreated control roots (C) 5
days postinoculation. A, Score plot of a principal component (PC) analysis; 512 metabolic features were included, zeros replaced by random small numbers, and
data autoscaled. Total variances explained by the first two PCs are given in parentheses; median scores are shown as larger, open symbols for each treatment; and
groups are surrounded by convex hulls. B, Features modulated by colonization with T. virens genotypes shown as colored circles outside the cut-off lines (Mann
WhitneyU test: P value < 0.05; fold change < 0.5 for decreased features and > 2 for increased ones) in volcano plots. Features in the left parts of the plots had lower
concentrations in T. virens-colonized roots compared with control plants, whereas those in the right parts had higher concentrations. For features that only occurred
in one of the treatment groups, fold changes were set to the maximum values (for decrease or increase) found in the pairwise comparison. Bold numbers (top center)
represent the total number of features found for each treatment comparison. Green numbers represent the metabolic responsiveness (percentage of modulated
related to all detected features) for decreased and increased features. Asterisks indicate significant differences according to c2 tests comparing the numbers of
decreased versus increased features for each treatment pair (***, P < 0.001).C, Features modulated (left: decreased and right: increased) due to colonization by all
T. virens genotypes or specifically by one or two genotypes, presented as Venn diagrams; n = 10 biological replicates.
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Fig. 3.Metabolic patterns of mycelia (left) and fungal culture supernatants (right) of Trichoderma virens (wild type [WT], Dtv2og1, or Dvir4).A, Score plots of
principal component (PC) analyses; 551 and 2,380 metabolic features were included for mycelia and fungal culture supernatants, respectively; zeros were
replaced by random small numbers and data autoscaled. Total variances explained by the first two PCs are given in parentheses; median scores are shown as
larger, open symbols for each treatment; and groups are surrounded by convex hulls.B, Features modulated by deletion of tv2og1 or vir4 in comparison with the
WT genotype (parental strain), shown as colored circles outside the cut-off lines (MannWhitneyU test: P value < 0.05; fold change < 0.5 for decreased features
and > 2 for increased ones) in volcano plots. Features on the left sides of the plots had lower concentrations in the mutant than in the WT genotype, whereas
those on the right sides had higher concentrations. For features that only occurred in one of the treatment groups, fold changes were set to the maximum values
(for decrease or increase) found in the pairwise comparison. Bold numbers (top center) represent the total number of features found for each treatment
comparison. Green numbers represent the metabolic responsiveness (percentage of modulated related to all detected features) for decreased and increased
features. Asterisks indicate significances according to c2 tests comparing the numbers of decreased versus increased features for each genotype pair (***, P <
0.001). C, Number of metabolic features occurring in the fungal genotypes presented as Venn diagrams; n = 9 and n = 8 biological replicates for mycelia and
fungal culture supernatants, respectively.
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Table 1. Metabolites identified in maize roots colonized by Trichoderma virens
Metabolitea Molecular formula Retention time (min) m/zb Ionsc
Amino acids
L-Phenylalanine C9H11NO2 2.00 164.072 [M-H]
_
… … 147.044 [C9H7O2]
_
… … 103.055 [C8H7]
_
… … 91.055 [C7H7]
_
L-Tryptophan C11H12N2O2 3.26 203.083 [M-H]
_
… … 142.065 [C10H8N]
_
… … 116.050 [C8H6N]
_
Benzoxazinoids
DIBOA-glucoside C14H17NO9 6.10 342.083 [M-H]
_
… … 162.019 [C8H4NO3]
_
… … 134.024 [C7H4NO2]
_
HMBOA-glucoside C15H19NO9 7.39 356.099 [M-H]
_
… … 194.046 [C9H8NO4]
_
… … 166.051 [C8H8NO3]
_
… … 148.040 [C8H6NO2]
_
… … 138.056 [C7H8NO2]
_
… … 123.032 [C6H5NO2]
_
DIMBOA-glucoside C15H19NO10 7.60 745.195 [2M-H]
_
… … 418.100 [M+HCOOH-H]
_
… … 372.094 [M-H]
_
… … 210.041 [C9H8NO5]
_
… … 192.030 [C9H6NO4]
_
… … 164.036 [C8H6NO3]
_
… … 149.012 [C7H3NO3]
_
DIMBOA C9H9NO5 7.66 210.041 [M-H]
_
… … 164.036 [C8H6NO3]
_
… … 149.012 [C7H3NO3]
_
… … 121.017 [C6H3NO2]
_
MBOA C8H7NO3 9.78 164.035 [M-H]
_
… … 149.012 [C7H3NO3]
_
… … 121.017 [C6H3NO2]
_
HDMBOA-glucoside C16H21NO10 10.38 773.226 [2M-H]
_
… … 432.115 [M+HCOOH-H]
_
… … 386.109 [M-H]
_
… … 356.098 [C15H18NO9]
_
… … 224.056 [C10H10NO5]
_
… … 194.046 [C9H8NO4]
_
… … 164.035 [C8H6NO3]
_
… … 149.012 [C7H3NO3]
_
HDM2BOA-glucoside C17H23NO11 10.56 462.126 [M+HCOOH-H]
_
… … 254.066 [C11H12NO6]
_
… … 224.056 [C10H10NO5]
_
… … 194.045 [C9H8NO4]
_
… … 179.023 [C8H5NO4]
_
Flavonoids … …
Naringenin C15H12O5 18.21 271.061 [M-H]
_
… … 177.019 [C9H5O4]
_
… … 151.004 [C7H3O4]
_
… … 119.050 [C8H7O]
_
… … 107.014 [C6H3O2]
_
… … 93.034 [C6H5O]
_
Apigenin C15H10O5 19.19 269.046 [M-H]
_
… … 225.056 [C14H9O3]
_
… … 151.004 [C7H3O4]
_
… … 149.025 [C8H5O3]
_
… … 117.035 [C8H5O]
_
Tricin C17H14O7 20.35 329.067 [M-H]
_
… … 314.045 [C16H10O7]
_
… … 299.019 Unknown
Dihydroxy-monomethoxy-flavone C16H12O5 24.12 283.061 [M-H]
_
… … 268.038 [C15H8O5]
_
a Metabolites that were validated via a reference standard are given in bold. DIBOA-glucoside = 2-b-D-glucopyranosyloxy-4-hydroxy-1,4-benzoxazin-3-one,
HMBOA-glucoside = 2-b-D-glucopyranosyloxy-7-methoxy-1,4-benzoxazin-3-one, DIMBOA-glucoside = 2-b-D-glucopyranosyloxy-4-hydroxy-7-
methoxy-1,4-benzoxazin-3-one, DIMBOA = 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one, MBOA = 6-methoxy-benzoxazolin-2-one, HDMBOA-
glucoside = 2-b-D-glucopyranosyloxy-4,7-dimethoxy-1,4-benzoxazin-3-one, and HDM2BOA-glucoside = 2-b-D-glucopyranosyloxy-4,7,8-trimethoxy-1,4-
benzoxazin-3-one.
b Mass-to-charge ratios of ions that were visible in mass spectrometry (MS) mode and of fragments visible in MS mode (in-source fragmentation) or in tandem
MS mode. Dominant m/z that were used for quantification and fragmentation are given in bold.
c Ion types that were visible in MS mode are shown. Ion formulas are given for fragments.
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Changes in flux through metabolic pathways may result from
changes in the expression of the genes encoding the enzymes
involved in the corresponding metabolic steps or from changes
in activities of enzymes. Therefore, key enzymes of the path-
ways (Figs. 4 and 5, shown in red) were analyzed for differences
in gene expression between groups using reverse-transcription
(RT)-qPCR. From the six genes which encode enzymes of the
benzoxazinoid biosynthetic pathway, one (BX10) was upregulated
in roots colonized by the Dvir4 genotype of T. virens compared
with control roots, whereas another gene (Bx11) showed a signif-
icantly higher expression in Dvir4-colonized roots compared with
control and Dtv2og1-colonized roots (Fig. 5A).
The three flavonoids naringenin, apigenin, and dihydroxy-
monomethoxy-flavone were only found in roots colonized by
T. virens but not in control roots, fungal mycelia, or fungal
culture supernatants (Fig. 4C). The concentration of apigenin
was significantly lower in roots colonized by the Dvir4 geno-
type compared with roots colonized by the WT, whereas that of
the dihydroxy-monomethoxy-flavone was significantly lower
in roots colonized by the Dvir4 genotype compared with roots
colonized by Dtv2og1. Tricin was detected in control and
T. virens-colonized roots, with significantly higher concentra-
tions in roots colonized with the fungal WT than in control
roots. Compared with control roots, expression of the PAL gene
from the flavonoid biosynthetic pathway was upregulated in
roots colonized by the Dvir4 genotype but not in those colo-
nized by the WT or Dtv2og1 genotypes (Fig. 5B). The flavone
synthase I-encoding gene ZmFNSI showed significantly higher
gene expression in roots colonized by the Dvir4 genotype than
in those not colonized or colonized by the Dtv2og1 genotype.
Gene expression of the second flavone synthase gene ZmFNSII
did not significantly differ between groups (Fig. 5B). Thus, as
for the overall metabolic fingerprints, responses in the
fungus–plant interaction were highly fungal genotype-specific
for both the annotated metabolites and the genes related to their
biosynthesis.
Fig. 4. Concentrations of metabolites (A, amino acids; B, benzoxazinoids; and C, flavonoids) identified in maize roots colonized with genotypes of
Trichoderma virens (wild type [WT], Dtv2og1, or Dvir4) and untreated control plants at 5 days postinoculation and in mycelia. Data are given as box-whisker
plots showing the medians (horizontal lines), the interquartile ranges (IQR, boxes), outliers (open circles), and the whiskers (extending to a maximum 1.5× the
IQR from the boxes). Different letters indicate significant differences between groups (Kruskal-Wallis tests followed by Kruskalmc tests) at P < 0.05. ForB and
C, Known biosynthetic connections for maize plants according to Cotton et al. (2019), Casas et al. (2014), and Lam et al. (2015) are shown; n = 10 biological
replicates. HMBOA-glucoside = 2-b-D-glucopyranosyloxy-7-methoxy-1,4-benzoxazin-3-one, DIBOA-glucoside = 2-b-D-glucopyranosyloxy-4-hydroxy-1,4-benzox-
azin-3-one, HDM2BOA-glucoside = 2-b-D-glucopyranosyloxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one, DIMBOA-glucoside = 2-b-D-glucopyranosyloxy-4-
hydroxy-7-methoxy-1,4-benzoxazin-3-one, DIMBOA = 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one, HDMBOA-glucoside = 2-b-D-glucopyranosyloxy-
4,7-dimethoxy-1,4-benzoxazin-3-one, and MBOA = 6-methoxy-benzoxazolin-2-one.
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Fig. 5. Relative expression of genes encoding enzymes inmetabolic pathways (A, benzoxazinoids andB, flavonoids) inmaize roots colonizedwith genotypes of Trichoderma
virens (wild type [WT],Dtv2og1, orDvir4) and untreated control plants 5 days postinoculation. Gene expressionwasmeasured by reverse-transcription quantitative PCR.Data
are given as means ± standard deviations. Different letters indicate significant differences between groups (analysis of variance tests with Bonferroni’s post hoc tests) atP < 0.05.
Positions of the corresponding enzymes are indicated in red in themetabolic pathways in the upper panels; n = 3 biological replicates consisting of a pool of four roots from
different plants each. HMBOA-glucoside = 2-b-D-glucopyranosyloxy-7-methoxy-1,4-benzoxazin-3-one, DIBOA-glucoside = 2-b-D-glucopyranosyloxy-
4-hydroxy-1,4-benzoxazin-3-one, HDM2BOA-glucoside = 2-b-D-glucopyranosyloxy-4,7,8-trimethoxy-1,4-benzoxazin-3-one, DIMBOA-glucoside =
2-b-D-glucopyranosyloxy-4-hydroxy-7-methoxy-1,4-benzoxazin-3-one, DIMBOA = 2,4-dihydroxy-7-methoxy-1,4-benzoxazin-3-one, HDMBOA-glucoside = 2-b-D-
glucopyranosyloxy-4,7-dimethoxy-1,4-benzoxazin-3-one, MBOA = 6-methoxy-benzoxazolin-2-one, and PAL = phenylalanine ammonia lyase.
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DISCUSSION
Colonization of maize roots by different T. virens
genotypes and negative effects on maize plant growth.
In the current study, we observed that, in a hydroponic sys-
tem, T. virensWTand the Dtv2og1 and Dvir4 knockout mutants
colonized the maize roots but colonization levels by the fungal
mutants were significantly lower (Fig. 1A). These lower levels
indicate that tv2og1 and vir4 are important components for the
root colonization in this system. Plants colonized by T. virens
had less root and shoot biomass compared with the control
plants at 5 dpi (Fig. 1C). Similarly, Nogueira-Lopez et al.
(2018) and Rubio et al. (2012) showed that the same strain of
T. virens that was used in the present study (Gv29.8) led to
reduced growth of secondary roots and stems in maize and
tomato seedlings, respectively. When interacting with Arab-
idopsis thaliana, diverse Trichoderma spp. suppress the
growth of the primary root, although an enhanced biomass of
secondary roots was observed (Nieto-Jacobo et al. 2017).
These adverse effects on plant growth may be explained by
competition for nutrients between the plant and the fungus
under certain nutrient deficiencies (Li et al. 2015; Vinci et al.
2018) or the production of plant-growth-inhibiting molecules
by T. virens. In addition, the induction of host cell death by the
fungus as part of the colonization process may have played a
role. Indeed, induction of cell death can help endophytes to
proliferate, as shown for the fungus Piriformospora indica in
the roots of barley (family Poaceae) (Deshmukh et al. 2006).
Pronounced metabolic differences between control
and T. virens-colonized maize roots are
fungal genotype-specific.
The metabolomes of maize roots colonized by T. virens
differed distinctly from those of control roots, with many
metabolic features being increased in concentration (Fig. 2).
The large number of features that only occurred in or had higher
concentrations in T. virens-colonized roots compared with
control roots (Fig. 2B) could be due to the presence of fungal
intra- and extracellular metabolites (Fig. 3), as it is well-known
that Trichoderma spp. produce a plethora of specialized me-
tabolites (Zeilinger et al. 2016). The observed changes in the
metabolomes of colonized roots may also be due to the process
of initiating and developing the plant–microbe interaction and
may include the production and exchange of signaling com-
pounds between the interaction partners. In the early stages of
the induction of metabolic processes in maize roots, plant de-
fense responses may be elicited by fungal compounds or by
damage caused by plant cell wall digestion. With the devel-
opment of the plant and the ongoing interaction, the effects and
processes may change, as shown for other interactions between
plants and beneficial microorganisms (Planchamp et al. 2015;
Schweiger et al. 2014a; Zamioudis and Pieterse 2012).
In the specific case of T. virens–maize interactions, proteins
released by the fungus were suggested to be responsible for
successful colonization, such as potential effectors that may
inhibit the synthesis of plant defense molecules (Nogueira-
Lopez et al. 2018). Moreover, many changes in the metabolome
are probably related to other effects of Trichoderma spp. on
their host plants (Brotman et al. 2012; Vinci et al. 2018; Yedidia
et al. 2003). For example, Trichoderma spp. are known to affect
nutrient availabilities and uptake (Li et al. 2015), produce
phytohormone-like substances (Guzmán-Guzmán et al. 2019),
and increase photosynthesis (Harman et al. in press), which, in
turn, could influence root metabolism.
Our study shows that T. virens modulated the metabolome
of colonized maize roots in a genotype-dependent manner,
with many features being altered by only one of the genotypes
(Fig. 2). We found that the deletions of a gene encoding a
putative protein with a 2OG-Fe(II)-dependent dioxygenase
domain (tv2og1) or a terpene synthase (vir4) in T. virens
profoundly affected the metabolome of T. virens-colonized
roots. Because the fungal genotypes colonized the roots to
different extents (Fig. 1A), part of the metabolic differences
may be related to the proportions of mycelia in the roots.
However, the huge qualitative and quantitative differences in
the intra- and extracellular metabolites we observed for the
different T. virens genotypes (Fig. 3) likely also made a large
contribution. Because the mycelial growth in the liquid
media was similar between the genotypes (data not shown),
these differences seem to be directly related to fungal bio-
synthetic machineries rather than to differences in biomass
production.
Proteins containing a 2OG-Fe(II)-dependent dioxygenase
domain (e.g., tv2og1) are widespread in eukaryotes and pro-
karyotes. This superfamily of proteins is diverse and their
members have multiple functions, including but not restricted
to modifications of DNA and various specialized metabolites
(Islam et al. 2018; Kawai et al. 2014). Several genes puta-
tively encoding terpene synthases were described for Tri-
choderma spp., with indications that some of them play a
role during colonization of host roots (Vicente et al. 2020).
The gene vir4 has been partially characterized, probably
encoding a core enzyme for the biosynthesis of volatile
terpenoids in T. virens (Crutcher et al. 2013). Interestingly,
the current study shows that the deletion of the vir4-coding
region also modifies the nonvolatile fungal metabolome.
Overall, the high number of genotype-specific fungal me-
tabolites suggests that the protein products of these two
genes have far-reaching metabolic impacts and that pleio-
tropic effects may occur.
Annotated metabolites and their involvement
in the T. virens–maize interaction.
The aromatic amino acids L-TRP and L-PHE found in both
plant and fungal samples (Fig. 4A) are derived from the shi-
kimate pathway. These amino acids are precursors of a broad
range of specialized metabolites and hormones (Tzin and Galili
2010). In plants, the shikimate pathway is activated by several
factors such as wounding, pathogens, and redox state (Tzin and
Galili 2010). In the present study, these amino acids were found
in roots and mycelium, indicating that the corresponding bio-
synthetic routes are expressed both in maize and T. virens.
The concentrations of L-TRP in maize roots were in-
dependent of colonization by T. virens (Fig. 4A). The benzox-
azinoids, which are like L-TRP synthesized from indole (Cotton
et al. 2019; Zhou et al. 2018), were only slightly affected by
T. virens (Fig. 4B). In maize, benzoxazinoids are important
defense-related metabolites (Ahmad et al. 2011; Niemeyer 2009).
However, secreted benzoxazinoids can also act as attractants; for
example, in the interaction of maize with the beneficial rhizo-
bacterium Pseudomonas putida (Neal et al. 2012). The benzox-
azinoid biosynthetic pathway is well described for plants (Cotton
et al. 2019; Zhou et al. 2018) but there is no indication that fungi
synthesize these metabolites. However, benzoxazinoid concen-
trations in maize plants can be modulated by diverse environ-
mental factors, including fungi. For example, the AMF Glomus
mosseae triggers the accumulation of DIMBOA in maize roots
(Song et al. 2011) and levels of benzoxazinoids in maize roots and
shoots are also influenced by different Azospirillum spp. and
strains (Walker et al. 2011). Interestingly, DIMBOA UDP-
glucosyltransferase (BX9), a key enzyme involved in the synthesis
of benzoxazinoids, was found to be secreted into the apoplastic
region of the primary roots of maize in the presence of T. virens
after 5 days of interaction (Nogueira-Lopez et al. 2018). In the
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present study, colonization of maize roots induced changes in
the concentration of only a few benzoxazinoids, at least at the
time point investigated. This low level of induction may be due
to fungal compounds suppressing plant defense signaling. It
would be interesting to investigate whether T. virens is ca-
pable of detoxifying benzoxazinoids, as described for
Fusarium verticillioides (Glenn et al. 2003).
We found a lower concentration of L-PHE in T. virens-colonized
roots than in control roots (Fig. 4A). This may indicate that
the amino acid was incorporated into the specialized me-
tabolism of the colonized roots to a greater extent than was the
case in control roots, with its biosynthesis not being high
enough to compensate for the increased demand. However, the
expression of the gene coding for PAL, which mediates the
conversion of L-PHE to cinnamic acid, was upregulated only in
Dvir4-colonized roots (Fig. 5B). Cinnamic acid is a precursor of
diverse phenylpropanoids such as flavonoids and phenolic acids,
which play essential roles in plant growth and development as
well as in protection against stress (Deng and Lu 2017; Dixon
and Paiva 1995). In T. virens, the gene cluster of the shikimate-
chorismate catabolic pathway is upregulated during the in-
teraction with maize roots (Lawry 2016). The fact that some
flavonoids were found exclusively in T. virens-colonized roots
indicates that L-PHE could have been used for their synthesis
(Fig. 4C). These flavonoids may be involved in plant–fungus
signaling or may be produced by the plant as a transient early
defense response. Likewise, they could be involved in successful
fungal colonization. Indeed, flavonoids display diverse biological
activities in plants, including signaling, protection against abiotic
stress, and facilitation of interactions with beneficial microbes
(Cheynier et al. 2013; Harborne and Williams 2000; Mierziak
et al. 2014). The flavonoid naringenin found in the T. virens-
colonized roots may have been a critical factor for the es-
tablishment of the plant–fungus interaction. Naringenin has
been associated with reduced lignin concentration in rice
plants (Deng et al. 2004), which may facilitate the coloni-
zation of the internal root by the fungus. Furthermore,
naringenin is known to inhibit the growth of different plant
species, including maize (Deng et al. 2004). Therefore, it is
conceivable that the growth inhibition of colonized roots
observed in the present study (Fig. 1C) may be related to
changes in naringenin.
Apigenin is derived from naringenin and known to occur in
maize (Ferreyra et al. 2015). It shows antimicrobial activity
against phytopathogenic fungi (Mierziak et al. 2014) and acts
as a nematicide (Soriano et al. 2004). Thus, apigenin found in
T. virens-colonized roots in the present study may modulate
interactions of maize with various antagonists. The differences
in the concentrations of apigenin between roots colonized by
the T. virens genotypes WT and Dvir4 point toward a possible
involvement of vir4-associated volatile terpenes in short-term
regulation of the biosynthesis of certain flavonoids and in root
colonization under nonaxenic conditions. Further studies are
needed to test these hypotheses. Ferreyra et al. (2015) sug-
gested that pathogens may induce flavone biosynthesis to re-
duce salicylic acid and, consequently, enhance susceptibility.
The authors also proposed that apigenin could inhibit the en-
zymatic activities or the transcription of genes in the salicylic
acid biosynthesis pathway. If this occurs during root coloni-
zation by Trichoderma spp., it would represent an interesting
mechanism of plant immune suppression by nonpathogenic
root colonizers that requires further investigation. Interestingly,
naringin, a precursor of naringenin, was accumulated in leaves
of bean plants inoculated with T. velutinum (Mayo-Prieto et al.
2019), suggesting that the biosynthesis of these flavonoids is
induced in local and systemic tissues of plants treated with
Trichoderma spp.
In monocots, tricin is an important monomer in the lignifi-
cation process (Lan et al. 2015), which may be associated with
the protection of roots against invaders, including beneficial
microorganisms such as Trichoderma spp. Tricin can suppress
soilborne pathogenic fungi such as F. oxysporum and Rhizocto-
nia solani, which cause rice seedling rot disease (Kong et al.
2010). If tricin does not affect Trichoderma growth, the induction
of this flavonoid due to Trichoderma colonization may be an
interesting mechanism of plant protection mediated by this en-
dophyte. Indeed, flavonoids such as tricin induced by endophytic
fungi have insecticidal activity (Ju et al. 1998; Mayo-Prieto et al.
2019), highlighting the multiple roles of these metabolites in
interactions between organisms and their environment.
In general, the metabolite concentrations did not fit well to
the expression of the genes that encode enzymes of the corre-
sponding metabolic steps (Figs. 4 and 5). This may be due to
time delays imposed by translation of transcripts or regulation
of the activities of the enzymes via posttranslational modifi-
cations. Moreover, the accumulation of metabolites can induce
a negative feedback on the transcription of the genes mediating
the biosynthesis of these or other metabolites, leading to
complex relationships between the metabolite and transcript
levels across pathways. For example, increased concentrations
of DIMBOA negatively affect the transcription of genes in-
volved in the production of benzoxazinoids (Ahmad et al.
2011). The finding that some genes involved in specialized
maize metabolism were upregulated by the T. virens genotype
Dvir4 (Fig. 5) could indicate some involvement of the fungal
vir4 gene and its associated terpenes in the regulation of plant
gene expression related to specialized metabolism during the
interaction with the host.
By combining metabolomics and gene expression analy-
ses of maize root–T. virens interactions, our study elucidated
changes in overall metabolic patterns and uncovered the mod-
ulation of specific compounds characteristic for the symbiosis.
Furthermore, our approach revealed pronounced differences
in the metabolic patterns of colonized roots depending on the
fungal genotype. The study supports previous findings that
enzymes involved in fungal iron regulation and terpene syn-
thesis play a role in the interaction with the host plant.
MATERIALS AND METHODS
Inoculum preparation.
Three genotypes of the T. virens strain Gv29.8—the WT;
Dtv2og1 (G. Nogueira-López, M. Rostás, J. M. Steyaert, J.
Hampton, and A. Mendoza-Mendoza unpublished); and Dvir4,
produced following the methodology described by Nogueira-
López et al. (2019) for the deletion of T. virens terpene
synthases—were propagated on potato dextrose agar (PDA)
(Difco, Fisher Scientific, Newington, NH, U.S.A.) at 25C
under a cycle of 12 h of light and 12 h of darkness for 7 days to
induce conidia formation (Supplementary Fig. S1). Conidia
were collected in sterile Nanopure water and filtered through a
double layer of sterile Miracloth (Millipore Merck, Boston,
MA, U.S.A.).
Maize inoculation and germination.
Seeds of Zea mays of the hybrid line 34H31 (Pioneer Brand
Products, Gisborne, New Zealand) were surface sterilized with
2% (wt/vol) sodium hypochlorite (NaOCl) and 70% ethanol as
described by Nogueira-Lopez et al. (2018). Sterilized seeds
were left untreated (as control) or inoculated with conidial
suspensions (approximately 1 × 106 conidia/seed) of one of the
genotypes of T. virens (WT, Dtv2og1, or Dvir4), and germinated
for 2.5 days, as described by Nogueira-Lopez et al. (2018). The
2.5-day-old seedlings were transferred to hydroponic conditions
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without aeration in 50-ml tubes containing 45 ml of sterile
Hoagland’s number 2 Basal Salt Mixture (Sigma-Aldrich, St.
Louis, MO, U.S.A.) supplemented with 0.5% (wt/vol) su-
crose with a piece of sterile cotton to support the seedling.
Seedlings were set up in a randomized complete block de-
sign and incubated for an additional 2.5 days in a plant
growth incubator (Humidity Control Versatile Environmen-
tal Test Chamber, Sanyo, Moriguchi, Japan) at 25C under a
cycle of 16 h of light and 8 h of darkness and relative hu-
midity of 80%.
Determination of endophytic and rhizoplane colonization
of maize roots by T. virens.
To quantify the root (endophytic and rhizoplane) coloniza-
tion by T. virens, DNA was extracted from maize roots, and a
T. virens-specific (actin) as well as a maize-specific (PAL) gene
(Vargas et al. 2008) were quantified with qPCR. Primary roots
were excised, gently washed with sterile Nanopure water,
rinsed three times in sterile Nanopure water for 2 min, and
ground into a fine powder in liquid nitrogen. Lysis buffer
(500 µl of 2% Triton X, 1% sodium dodecyl sulfate, 100 mM
NaCl, 10 mM Tris-HCl [pH 8.0], and 1 mM EDTA) and 500 µl
of phenol-chloroform-isoamyl alcohol (25:24:1, vol/vol/vol)
were added to 100 mg of root powder. Samples were vortexed
for 10 s and centrifuged for 10 min (13,200 rpm, 4C); then,
supernatants were taken and mixed (five to six times inversion)
with 2.5 volumes of 100% cold ethanol, and samples were
centrifuged for 5 min (13,200 rpm, 4C). Supernatants were
discarded, samples were centrifuged for 2 min (13,200 rpm,
4C), the remaining ethanol was removed, and the pellets were
resuspended in 30 µl of ultrapure DNase/RNase-free distilled
water. Samples were treated with 10 µl of RNase (Macherey-
Nagel GmbH& Co. KG, Germany) for 15 min at 65C. Isolated
genomic DNA (gDNA) was quantified using a NanoDrop
(Nanodrop Technologies, Montchanin, DE, U.S.A.).
The amplification mixture contained SsoAdvanced Universal
SYBR Green Supermix (Bio-Rad Laboratories Inc., Hercules,
CA, U.S.A.), 0.4 µM T. virens-specific (actin) and maize-specific
(PAL) forward and reverse primers (Supplementary Table S1),
and 200 ng of gDNA template in a 10-µl reaction volume.
Amplification was carried out with an initial denaturation step at
95C for 10 min, followed by 40 cycles at 95C for 15 s, 60C for
1 min, and capture during the extension phase of each cycle. Melt-
curve analysis was carried out to confirm that a single product was
amplified in each run. All reactions were run in triplicate and
data of triplicate measurements were averaged later on.
Quantification of root colonization was performed based on a
standard curve with five successive 10-fold dilution points of
gDNA isolated from T. virens WT mycelium grown in liquid
culture or maize roots using the DNA isolation protocol de-
scribed above. Each dilution was analyzed by PCR using three
technical replicates. The cycle threshold (CT) values for each
DNA quantity were plotted to obtain the standard curve and the
corresponding equation that was used for the quantification.
The ratio of actin gDNA to PAL gDNA was calculated and
compared between groups using an ANOVAwith Bonferroni’s
post hoc test (Genstat, 19th Edition; VSN International, Hemel
Hempstead, U.K.). Per T. virens genotype, n = 3 biological
replicates, each consisting of four root samples collected from
different plants, were used. The endophytic association of
T. virens with maize plants (i.e., the internal colonization) was
assessed as described by Mendoza-Mendoza et al. (2016), with
modifications. Primary roots were excised, gently washed with
sterile Nanopure water, soaked in 5% (wt/vol) NaOCl for 5 min
for surface sterilization, and rinsed three times in sterile
Nanopure water for 2 min. Primary roots were cut into five 1-
to 2-cm pieces and placed in Petri dishes containing
Trichoderma-selective medium (McLean et al. 2005). The Petri
plates containing the root fragments were incubated at 25C in
the dark for 7 days to allow the endophyte to grow out of the
roots. Roots of untreated maize seedlings were used as a con-
trol. Per T. virens genotype, n = 9 biological replicates were
used and the experiment was set up twice.
Metabolic fingerprinting of roots, mycelia, and
fungal culture supernatants.
For metabolic fingerprinting of maize roots, untreated plants
(used as control) and plants inoculated with T. virens WT,
Dtv2og1, or Dvir4 were grown as described above (n = 10 bi-
ological replicates). The whole root system was excised, im-
mediately frozen in liquid nitrogen, stored at _80C, freeze-
dried (Thermo Savant Micro Modulyo-115; Thermo Fisher
Scientific, Waltham, MA, U.S.A.), and ground to a fine powder
(1600 Mini6; SPEX SamplePrep, Metuchen, NJ, U.S.A.).
For chemical analyses of intra- and extracellular fungal
metabolites, samples of mycelium and fungal culture super-
natants were collected from cultures of the different fungal
genotypes (n = 10 biological replicates). Conidia of T. virens
(WT, Dtv2og1, or Dvir4) were harvested from 7-day-old PDA
plates in 5 ml of sterile Nanopure water, filtered through two
layers of sterile Miracloth, and incubated in 100-ml sterile
flasks with 50 ml of Hoagland’s number 2 Basal Salt Mixture
supplemented with 0.5% sucrose. Flasks were incubated using
a randomized complete block design at 25C with shaking at
150 rpm (Ratek, Victoria, Australia). After 72 h, cultures were
filtered through two layers of sterile Miracloth to separate the
mycelia from the supernatants. Mycelia samples were frozen in
liquid nitrogen and stored at _80C. Supernatants were filtered
through 0.2-µm membranes (GVS Filter Technology, Mor-
ecambe, U.K.) and stored at _80C. Mycelia and supernatant
samples were freeze-dried. Fungal tissue was ground to a fine
powder. Samples of uninoculated sterile culture media (n = 10)
were additionally stored for background subtraction (see be-
low). Statistical analysis of fungal dry biomass was performed
using ANOVA in R 3.4.1 (R Core Team).
For metabolic fingerprinting, 4 and 6 mg (± 0.1 mg) of
(colonized) root and mycelial powder, respectively, were used.
For the analysis of fungal culture supernatants, the freeze-dried
material generated from the 50-ml cultures was used. Samples
were extracted threefold on ice using 3 × 150 µl (roots), 3 ×
50 µl (mycelia), or 3 × 200 µl (supernatants) of 90% ice-cooled
methanol (LC-MS grade; Fisher Scientific, Loughborough,
U.K.) containing hydrocortisone (>98%; Sigma-Aldrich, Stein-
heim, Germany) as internal standard. Samples were vortexed for
5 min and centrifuged for 10 min (13,200 rpm, 4C). Super-
natants were pooled and filtered using 0.2-µm filters (Phe-
nomenex, Torrance, CA, U.S.A.). For each type of sample
(roots, mycelia, and fungal culture supernatants), three to four
blanks were prepared.
Samples and blanks were analyzed using UHPLC-DAD-
QTOF-MS/MS (UHPLC: Dionex UltiMate 3000; Thermo
Fisher Scientific, San José, CA, U.S.A.; and QTOF: compact;
Bruker Daltonics, Bremen, Germany). Compounds were sep-
arated at 45C on a Kinetex XB-C18 column (1.7 µm, 150 ×
2.1 mm, with a precolumn; Phenomenex). Separation was
performed using a gradient from eluent A (0.1% formic acid
[FA; eluent additive for LC-MS, approximately 98%; Sigma-
Aldrich] in Millipore-H2O) to eluent B (0.1% FA in acetonitrile
[LC-MS grade; Fisher Scientific]) at a flow rate of 0.5 ml min
_1
with 2% B to 30% B within 20 min, 30% B to 75% B within
9 min, followed by column washing and equilibration. DAD
spectra (210 to 400 nm) as well as mass line spectra (ESI
_
mode, 8 Hz spectra rate, 50 to 1,500 m/z in both MS and
MS/MS mode) were recorded. The MS parameters were end
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plate offset 500 V, capillary voltage 3,000 V, nebulizer (N2)
pressure 3 bar, N2 dry gas flow 12 liter min
_1 at 275C, quad-
rupole ion energy 4 eV, low mass 90 m/z, and collision energy 7
eV. MS/MS spectra were acquired in AutoMS/MS mode using
N2 as collision gas and 25 eV collision energy. A sodium
formate-based calibration solution was pumped into the sprayer
prior to each sample for mass axis recalibration. In total, n = 9
mycelia and n = 8 fungal culture supernatant samples were
measured.
Mass axis recalibration was done individually for each
sample. Picking of molecular features and spectral background
subtraction were performed using the Find Molecular Features
algorithm in Compass DataAnalysis 4.4 (Bruker Daltonics)
with the following settings: signal-to-noise ratio 3, correlation
coefficient threshold 0.75, minimum compound length 25
(roots) or 30 (mycelia and supernatant), smoothing width 7,
allowing common adducts and neutral losses for bucket gen-
eration. Features were aligned across all samples (including
root, mycelia, and fungal culture supernatant samples) with
Compass ProfileAnalysis 2.3 (Bruker Daltonics), allowing de-
viations of 0.1 min (retention time) and 5 mDa (m/z), and using
the m/z with the highest intensity as the bucketing basis. The
peak heights of the features (each characterized by a retention
time and m/z value) were normalized to the peak heights of the
FA adduct of hydrocortisone. Two filtering steps were applied
separately for each data set (i.e., colonized roots, mycelia, and
fungal culture supernatants). A feature was maintained in the
corresponding data set, if (i) its mean intensity in at least one
treatment group was more than 50 times higher than its mean
intensity in the blanks and (ii) it occurred in at least half of the
replicates of at least one treatment group. For supernatant
samples, those features that were present in the noninoculated
culture media were not further considered (151 features). Data
were normalized to the dry weights of the samples (except for
the supernatant samples). For each data set, a PCA was per-
formed using R 3.4.1 (R Core Team). For the PCAs, zeros were
replaced by random small numbers (10
_13 to 10
_12) and data
autoscaled (i.e., mean centering and scaling to unit variance).
For further pairwise group comparisons, only those features
which occurred in at least half of the samples of at least one of
the two treatment groups were retained. Volcano plots were
plotted in Matlab (7.10.0.499; The MathWorks, Natick, MA,
U.S.A.) based on fold changes of features (i.e., mean concen-
trations in the treatment group divided by mean concentrations
in the control group) and P values resulting from Mann-
Whitney U tests. For features that only occurred in one of the
treatment groups, fold changes were set to the maximum fold
change (for decrease or increase) observed in the corresponding
data set. To compare the numbers of features decreased versus
increased in pool size, c2 tests were performed in R. Venn
diagrams were generated in R using the gplots package.
For identification of metabolites in the colonized roots, the
annotation tools of Data Analysis 4.4 and MetaboScape 2.0
(Bruker Daltonics) were used. Molecular formulas of parent
ions and fragments were generated using Smart Formula 3D
and ranked according to theirm/z and isotope pattern fit. For the
most likely formulas, suggestions for structural formulas were
derived from Compound Crawler and in silico fragmentation
and matching against the MassBank of North America in
MetFrag (Ruttkies et al. 2016). Moreover, dominant ion types,
m/z, isotopic patterns, retention times, UV/VIS spectra, and
MS/MS spectra were matched against an in-house database
containing diverse primary and specialized metabolites that
were measured under the same conditions. Ion types and m/z
values of benzoxazinoids were additionally compared with
those given by Bonnington et al. (2003) and Glauser et al.
(2011). Features were screened for MS/MS similarities to
known compounds to support metabolite identifications. For
this, MetFamily (Treutler et al. 2016) as well as the bucket
correlation statistics and the MS/MS bucket match function of
MetaboScape were used. The concentrations of the identified
metabolites were compared between treatment groups within
each data set by Kruskal-Wallis tests followed by post hoc
Kruskalmc tests in R (package pgirmess). Metabolic pathways
for identified metabolites were obtained from Cotton et al.
(2019), Casas et al. (2014), and Lam et al. (2015).
Gene expression measurements.
For total RNA extraction, roots were soaked and gently
washed with sterile Nanopure water, and 2-cm sections nearest
to the seed were cut from the primary roots and immediately
frozen in liquid nitrogen. Total RNA was extracted using the
TRIzol reagent (Invitrogen, Carlsbad, CA, U.S.A.) according
to the manufacturer’s instructions. RNA integrity was verified
on denaturing 1% agarose gel prepared with 3-(morpholino)
propane sulfonic acid buffer. The experiment was performed
using n = 3 biological replicates per treatment, each con-
taining a pool of four roots collected from different plants.
Total RNA (2.5 µg per sample) was treated with ezDNase
(Invitrogen) and reversely transcribed using SuperScript IV
VILO master mix (Invitrogen) following the manufacturer’s
recommendations.
The expression levels of six genes of the benzoxazinoid
biosynthetic pathway and three genes of the flavonoid pathway
were quantified by RT-qPCR, using previously described gene-
specific primers (Chen et al. 2016; Righini et al. 2019; Vargas
et al. 2008; Von Rad et al. 2001; Wang et al. 2018) or primers
that were designed using Primer3Plus software (Supplementary
Table S1). All RT-qPCR assays were carried out in optical-
grade 96-well plates (Axygen, Union City, CA, U.S.A.) on a
StepOnePlus Real-Time PCR System (Applied Biosystems,
Foster City, CA, U.S.A.). The amplification mixture contained
SsoAdvanced Universal SYBR Green Supermix (Bio-Rad
Laboratories Inc.), 0.4 µM forward and reverse primers (Sup-
plementary Table S1), and 20 ng of cDNA template in 10 µl of
reaction volume. Amplification was carried out with an initial
denaturation step at 95C for 10 min, followed by 40 cycles at
95C for 15 s, 60C for 1 min, and capture during the extension
phase of each cycle. Melt-curve analysis was carried out to
confirm that a single product was amplified in each run. All
reactions were run in triplicate.
Relative gene expressions were calculated by relating the CT
values of the target genes to those of the reference gene b-
tubulin using the 2
_DCT method (Schmittgen and Livak 2008),
after CT values of triplicates were averaged for each biological
replicate. For each gene, the relative gene expression was
compared among groups using an ANOVA with Bonferroni’s
post hoc test with P < 0.05 (Genstat, 19th Edition).
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